Abstract. We describe an experiment in satellite radiowave probing of the ionosphere, modi®ed by powerful waves from the HF heating facility at Tromsù (Norway) in May 1995. Amplitude scintillations and variations of the phase of VHF signals from Russian navigational satellites passing over the heated region were observed. We show that both large-scale electron density irregularities (several tens of kilometers in size) and small-scale ones (from hundreds of meters to kilometers) can be generated by the HF radiation. Maximum eects caused by small-scale irregularities detected in the satellite signals are observed in the directions sector approximately parallel to the geomagnetic ®eld lines although large-scale structures can be detected within a much larger area. The properties of small-scale irregularities (electron density¯uctuations) are investigated by applying a statistical analysis and by studying experimental and model mean values of the logarithm of the relative amplitude of the signal. The results indicate that satellite radio probing can be a supporting diagnostic technique for ionospheric heating and add valuable information to studies of eects produced by HF modi®cation.
Introduction
Heating experiments dedicated to studies of ionospheric modi®cation by powerful HF-radiation have a considerable history. The physics of the heating problems can be found in the research by Ginsburg and Gurevich (1960) , Farley (1963) , and Gurevich (1978) which provided the impetus for experimental programmes using the facilities at Platteville (Colorado, USA), Arecibo (Puerto Rico), Nizhny Novgorod (former Gorky, Russia), Kola Peninsula (Russia) and Tromsù (Norway). One of the physical eects of HF ionospheric modi®cation is the generation of electron density irregularities resulting in an arti®cially spread F-layer seen on ionograms, scintillation of signals from radio stars and satellites as well as changes in signals scattered from the heated region, in particular, in the spectra of incoherent scatter signals. The studies of heating eects and experimental results can be found in many papers reviewed by Stubbe (1996) . The study of arti®cial largescale irregularities is described by Basu et al. (1987) and more recent studies using the Tromsù heating facility were made by Costa et al. (1997) . The observations made show that electron density irregularities with scales ranging from tens of meters to kilometers can be produced in the ionosphere. It was suggested by Gurevich (1978) and Perkins and Valeo (1974) that the self-focusing instability is the main mechanism for producing the irregularities, as a result of focusing and defocusing of the heating wave, in the region of small density perturbations caused by the wave. Therefore, the characteristics of background ®elds, in particular the magnetic ®eld of the high-latitude ionosphere, as well as the condition of the background ionosphere, are expected to play an important role in the process of irregularity generation. A distinctive property of the polar ionosphere is that the magnetic ®eld lines are oriented almost vertically promoting an easy plasma transport along the ®eld lines and, as a result, the formation of elongated vertical structures. The existence of natural irregularities in the electron density also changes the generation process of irregularities. It is therefore necessary to survey the background conditions in the ionosphere in order to distinguish between natural and arti®cial density inhomogeneities when performing heating experiments.
We consider the electron density modi®cation by the powerful radiation of the HF heating facility at Tromsù during a short experiment in May 1995. In earlier papers e.g. by Basu et al. (1987) stationary or quasi-stationary radio sources were used to observe heated regions. This work presents results of ionospheric probing by signals from fast-moving satellites on almost polar orbits carrying dierential Doppler experiments. Both amplitude scintillations and phase variations are studied allowing us to estimate the boundaries of the modi®ed region. Information about density irregularities within a wide spectrum of spatial scales ranging from hundreds of meters to tens of kilometers can be obtained. In the following section the experimental arrangement and the receiving equipment used for measuring the amplitude and phase of satellite signals are described. The relevant theoretical background is then presented and the experimental data are discussed. Finally we summarise the results obtained.
Description of the experiment
The ionospheric modi®cation experiment was carried out by powerful HF waves at Ramfjordmoen near Tromsù (69.6°N, 19 .2°E, L 6.2, magnetic dip angle I 78°) simultaneously with the measurements of amplitude and phase of signals from navigational satellites made at the same location on 17±20 May, 1995. The technical description of the facility and its parameters can be found in Rietveld et al. (1993) and here we note only some details related to the measurements. The facility can generate up to 1.2 MW of CW power in the frequency range from 3.85 to 8 MHz. The antenna system consists of 3 antenna arrays designed to cover this frequency range. Array 2 was used since at that time the ionosonde maximum critical frequency in the F-region varied from 4 to 5 MHz. Array 2 contains 6 rows of 6 crossed dipoles (270 by 270 m) to cover the range 3.85±5.65 MHz. During the experiment the antenna beam was pointed vertically and a 4.04 MHzwave was transmitted. The radiation wave power in CW-mode was 12´90 kW 1080 kW. This corresponds to 270 MW of eective radiated power in all the experiments. Russian navigational satellites were used to measure the amplitude and phase of the signals propagating through the heated region. The satellite system is described by Wood and Perry (1980) . The nearly polar-orbiting navigational satellites at a height of about 1000 km have an orbit inclination of 83°, therefore the trajectory projection on the ground for satellites moving from the north lies approximately along the geomagnetic meridian. The beamwidth of array 2 is about 15°so it takes less than 40 s for a satellite to cross the beam allowing for observations of temporal changes of the signal caused by a spatial inhomogeneity of the medium. Only passes of satellites with such a high elevation that they could cross the ionospheric region, illuminated by the main lobe of the heating facility, have been recorded. In total ®ve records have been made during the heating experiment. All the relevant experimental parameters are given in Table 1 .
The satellite records for experiments 3 and 4 do not show any visible changes due to heating eects either in the amplitude or in the phase. Also, the ionograms do not show any ionospheric modi®cation in these cases. It is seen from Table 1 that experiment 4 was performed when the heating transmitter power was modulated with 4 s on every 20 s. The reason for the lack of eects in experiment 4 is probably that the time the heater was on was too short for the nonlinear eects and resultant irregularities to develop, and that X-mode, which usually does not produce strong irregularities, was used for half the satellite pass. Experiment 3 was performed at a time when natural electron density irregularities existed near and within the heated region. In this case it is dicult to distinguish between arti®cial structures and irregularities caused by natural processes. The record for the satellite pass during experiment 5 contained interference noise from a local source and could not be analysed. Hence in this study only the ®rst two experiments of heating, indicated in Table 1 , are discussed. 
Theoretical background
An estimation of large-scale electron density structures can be performed by determining the total electron content along satellite-receiver lines. It has been shown by Markkanen et al. (1995) that the total electron content can be obtained from the phase dierence, u, of the two coherent frequencies (150 and 400 MHz) observed on the ground with a constant accuracy as follows:
where k 2 m is the radio wavelength, r e 2.821 0 A15 m is the classical electron radius, dl is an increment along a satellite-receiver line, C is a constant, N N 0 + dN is the electron density.
The properties of small-scale irregularities (electron density¯uctuations dN) can be investigated by applying a statistical analysis. Since the eects of dN on the received signal consist of rapid scintillations, they can be separated from the eects of the average density, N 0 , and studied separately. In this case it is convenient to study, for example, the mean value of the logarithm of the relative amplitude of the ®eld which has a reciprocal relation with the irregularities. We consider the signal observed by a receiver and choose the z-axis of the Cartesian co-ordinate system to point from the receiver to the transmitting satellite. The small-scale irregularities are assumed to lie between the satellite and the receiver con®ned by the region z l < z < z u . The signal strength observed on the ground is aected by irregularities scattering at, or close to, the z-axis. Its value is statistically determined by the autocorrelation function of the electron density¯uctuations integrated over the increment in the z-direction. This quantity is de®ned as
where q 3 xY y is the vector in the xy-plane perpendicular to the direction of wave propagation. The mean value of the logarithm of the relative amplitude of the signal can be written in the following form ln
where A is the observed amplitude scattered by the irregularities, e 0 is the amplitude of the transmitted signal, k is the wave number, p l kl 0 À l lal 0 p is the radius of the principal Fresnel zone, and l 0 is the distance between the receiver and satellite. The angular brackets indicate the statistical average.
Expression (2) can be applied to experimental data since e x 0Yl is de®ned in terms of the spatial spectral density U x kYl as follows:
where r 2 x l is the variance of the electron densitȳ uctuations, U is the normalised spectral density being a power-law function of a quadratic form, k c and k k indicate the perpendicular to the magnetic ®eld and ®eld aligned wave numbers respectively. Taking into account that the correlation function of the electron densitȳ uctuations is related to the spectral density by a Fourier transform and substituting Eqs. (3) into (2), the expression for X can be written as
where cl a 2 À 1 sin 2 Hl, p is the power law index, F is the hypergeometric function, Hl is the angle between the direction of the wave propagation and the magnetic ®eld which in general depends on l. This equation shows that at high latitudes with the magnetic ®eld lines oriented almost vertically the condition Hl % 0 can be applied. That is why the detection threshold for the same ®eld-aligned irregularities is signi®cantly lower at high latitudes than at middle or sub-auroral latitudes.
Experimental results
Before presenting the results let us consider the geophysical situation during the experiment which has a considerable eect on measurements at high latitudes. On the night preceding May 17, the magnetogramme in Tromsù showed strong magnetic disturbances, associated with high-speed¯ows from solar coronal holes, until 08 UT with decreasing activity up to 11±12 UT. Therefore, the records for satellite passes above the same region, just before and after the ionosphere modi®cation period, should be seen in order to check the existence of natural irregularities and estimate the arti®cial ones.
Let us use results (1) and (4) to study the ionospheric condition. Figures 1±4 show the satellite records and modelling results before (Fig. 1), during (Figs. 2 and 3 ) and after (Fig. 4) the HF heating. They represent the satellite records and modelling results. All these ®gures use the latitudinal scale of the x-axes ®xed to an eective ionospheric height of 300 km. The upper panel of the ®gures presents the measured amplitude of the satellite signal. The next panel below shows the measured phase and its approximation (the smooth curve is the phase ®ltered by a low-pass ®lter with 0.01 Hz cut-o). The curve of the third panel noted as dphase is proportional to the dierence between the measured total electron content and its approximation. The solid curve of the 4th panel in the ®gures represents the experimental mean value X of the logarithm of the relative amplitude and the dashed curve shows the model of X which is calculated using Eqs. (3) and (4) and a¯at ionospheric layer of a constant electron density variance between z l 250 km and z u 350 km with the axis ratio a 70 of the irregularities along and perpendicular to the magnetic ®eld. The value dHi 10 km in the ®gures is the integration step. The bottom panels of Figs. 2 and 3 also show the spatial cross sections of the calculated antenna pattern of the Tromsù facility as a function j sin xaxj using the satellite geometry and the parameters of array 2. Free space propagation is assumed here since the eects of refraction are quite small, especially for the upward propagating wave, at the upper-hybrid height which is a few kilometers below re¯ection and where the production of irregularities is thought to maximise. The open circle on the x-axis indicates the latitude of the heating facility. Figure 1 shows the result of the analysis of the satellite record about 2 h before the ionospheric modi®cation experiment. It can be seen that the ®ltered (approximated) phase practically follows a secant law. Therefore, the phase behaviour can be interpreted as a result of the wave propagation through the spherically strati®ed ionosphere without strong disturbances. After the night-time magnetic storm the ionosphere was not yet in a quiet condition, which is illustrated by the less than 5 radians large-scale variations of the phase. A similar situation can be seen from the amplitude record, where the scintillations take place only in the southern and northern parts of the records. It is more clearly illustrated on the 4th panel from the mean X values of the logarithm of the relative amplitude. In the southern sector between 67°±68°latitudes as well as in the northern part above 71°latitude we can see the decrease of the average ®eld. An important result from this ®gure is that small-scale irregularities are not observed in the central zenith part of the passage where we expect the ionosphere to be modi®ed by the powerful radiation. The eect can be noticed at the minimum of the average ®eld at about 69°predicted by the irregularities model (the dashed curve) which, however, is not seen in the experimental values of X (the solid curve on the same panel). Hence, from Fig. 1 the conclusion can be made that before the heating the ionosphere was weakly disturbed and it contained only weak large-scale electron density variations. The dierence between the measured total electron content and its approximation is shown in the third panel. The solid curve of the 4th panel represents the experimental X-value and the dashed curve shows the model of X calculated using a¯at ionospheric layer of a constant electron density variance between the heights of 250±350 km with the axial ratio a 70 of the irregularities along and perpendicular to the magnetic ®eld. The value dHi 10 km is the integration step. The latitudinal scale of the x-axes for all the panels is ®xed to the height of 300 km Figure 2 illustrates the results of the data analysis during the HF-modi®cation. A distinctive dierence in these results compared to the previous measurements is a noticeable ionospheric modi®cation above the HF facility. A displacement of the¯uctuation maximum from the direction of the HF-antenna main beam to the sector where the lines-of-sight to the satellite are close to the direction of the magnetic ®eld lines is seen. This fact can be explained as an aspect eect of the ionospheric radio probing when both large-and smallscale irregularities are strongly elongated in the direction of the geomagnetic ®eld. A sharp decrease of the experimental mean value X of the logarithm of the relative ®eld at about 69°shows that it is dicult to identify the eects of small-scale irregularities away from the ®eld-aligned direction. This is also con®rmed by the case illustrated in Fig. 3 . Essentially only largescale electron density variations can be observed here, but the in¯uence on the satellite wave of the small-scale irregularities, which could possibly be generated by powerful HF-radiation at latitudes of 69°±70°, cannot easily be recognised. For this satellite pass the minimal angle between the magnetic ®eld and the direction to the satellite was very dierent from zero. That is why in Fig. 3 we do not see a perceptible increase of scintillations which can be ascribed to the heater, although there is a signi®cant level of scintillation which appears to be natural.
The results of the next satellite record (Fig. 4) made about 2 h after the operation of the HF facility show weaker large-scale¯uctuations compared to the data of Figs. 2 and 3 , and an enhancement of the background intensity of the mean value of the logarithm of the relative ®eld can also be seen.
Let us estimate the electron density changes at the time of HF ionospheric modi®cation. We start from the large-scale irregularities aecting dierential Doppler measurements. Fig. 2 . Same as Fig. 1 , but for the satellite pass during the operation of the heating facility. The bottom panel shows the spatial cross section of the calculated antenna pattern of the Tromsù facility as a function |sin x / x| using the satellite geometry and the parameters of array 2. The open circle on the x-axis indicates the latitude of the heating facility According to expression (1) 
In order to ®nd the relative changes of the electron density we take into account the fact that the most eective interaction takes place in the region where the plasma frequency is close to 4.04 MHz ± the frequency of the radiated wave. We use the well-known formula
The electron density corresponding to the plasma frequency of 4.08 MHz measured at the F-region peak obtained from an ionogramme is 2´10 11 m A3 and we have in our experiment 1 x dl dx 0 1X03 Â 10 3 du X 7
From Fig. 3 representing the heating experiment we can ®nd the maximum value du % 15±20 radians, and the irregularity ®eld elongation can be several tens of kilometers. The ionogramme in Tromsù obtained just before the heating shows a small dierence between the maximum frequencies for p 1 and p 2 -layers and both frequencies being close to the transmitted frequency. Assuming a height extent of 100 km for the ionosphere we can estimate the relative variation of the electron Fig. 3 . Same as Fig. 2 , but for the next satellite passage during the operation of the heating facility density dx 0 ax 0 % 15±20% for horizontal scale sizes of 50±100 km. Next we consider the small-scale irregularities. Note that the majority of models for small-scale electron density inhomogeneities use the parameter
, where L is the irregular layer thickness, and the quantity g s has been obtained by Fremouw (1980) . In his notation it is expressed as:
where C is the gamma function. Let us render concrete the function U in expression (3). A commonly used model of a power-law spectrum with a power index p is de®ned according to the equation
where H n is the angle between the line-of-sight to the satellite and the normal to the spherical irregular layer. In our case under study it is about 13°. The power index in expression (12) for g s v p can be easily obtained from the experimental data. Figure 5 shows the power spectral densities (PSD) obtained for the amplitude de-trended over a 10-s interval, and for small-scale variations of the phase ®ltered by a low-pass ®lter with 0.08 Hz cut-o. The straight lines on the spectra are the ®tted lines, and the spectral power indices p % 3X8. Inserting the value p 3.8 into the formula for g s v p produces g s v p % 4X3 Â 10 11 . It can be noted that this value is in good agreement with scintillation modelling results obtained by Fremouw et al. (1985) for natural irregularities. Sometimes applying the spectrum de®nition, the parameter g x is employed using the relationship g x ag s a8p 3 and the value g x v p % 2 Â 10 10 is obtained.
Conclusion
We have described the results of satellite radio probing of the high-latitude ionosphere modi®ed by the powerful radiation of the HF heating facility at Tromsù resulting in the generation of both large-scale irregularities (several tens of kilometers in size) and small-scale ones (from hundreds of meters to kilometers). It is shown that the maximum irregularity development in satellite signals follows the direction parallel to the geomagnetic ®eld lines. The intensity of small-scale irregularities produced is not so high. However a strong elongation of the irregularities in the direction of the magnetic ®eld makes it possible to observe their features in the corresponding sector using the aspect-angle eect. That is why a displacement of the¯uctuation maximum from the heated region is seen to the south where the line-ofsight to the satellite is close to the direction of the magnetic ®eld line. Large-scale structures of the electron density can be detected within a much larger region. An important result obtained from expression (10) is that amplitude measurements in a given direction contain information about the integral of the variance of the electron density¯uctuations, over a line from the satellite to the receiver. Therefore, analogous to the usual ray tomography where phase shift measurements are proportional to the total electron content along the ray, amplitude measurements of the mean value of the logarithm of the relative amplitude of the signal on a chain of receivers give the integrals of the electron density variance along a set of lines crossing each other in the ionosphere and a 2-dimensional distribution of the variance can be determined by a new method of amplitude tomography providing ionospheric electron . The x-axes of the 2nd and 3rd panels show seconds from the data acquisition start time at 11:02:31 UT density maps and a detailed investigation of properties of natural and arti®cially produced irregularities.
Though the experiment was executed at the EISCAT site we, unfortunately, had no incoherent scatter data which could allow us to obtain more informative geophysical data by using extra measurements of the electron density distribution, electron temperature, etc. as well. This short experiment can be considered as a necessary initial step for future measurements by the radio tomographic technique to investigate the distribution of the ionospheric irregularities arti®cially produced by a powerful HF wave.
